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© Cardiac pacemaker with capture verification. 



© A pacemaker having an electrical stimulation 
source of known type is provided with a sense 
amplifier (16) having a switched capacitor (22) circuit 
which allows switching of the amplifier's bandpass 
frequency characteristic thereby selectively varying 
the cardiac signal frequencies subject to sensing. 
The heart's electrical activity is detected on a first 
predetermined bandpass frequency range prior to 
delivery of a stimuli and a second predetermined 
bandpass frequency range displaced from the first 
range after delivery of the stimuli to verify capture of 
the heart by the stimuli. 
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CARDIAC PACEMAKER WITH CAPTURE VERIFICATION 



The present invention relates generaily to car- 
diac pacemakers, and more particularly to an im- 
plantable cardiac pacemaker including means for 
verifying that the pacing pulses generated by the 
pacemaker are producing the desired stimulation of 
the patient's heart. 

In the normal human heart, the sinoatrial (S-A) 
node, generally located near the junction of the 
superior vena cava and the right atrium, constitutes 
the primary natural pacemaker by which rhythmic 
electrical excitation is developed. The cardiac im- 
pulse arising from the S-A node is transmitted to 
the two atrial chambers, or atria, at the right and 
left sides of the heart. In response to this excita- 
tion, the atria contract, pumping blood from those 
chambers into the respective ventricular chambers, 
or ventricles. 

The impulse is transmitted to the ventricles 
through the atrioventricular (A-V) node, or junction, 
which imposes a delay, and via a conduction sys- 
tem comprising the bundle of His, or common 
bundle, the right and left bundle branches, and the 
Purkinje fibers. In response, the ventricles contract, 
the right ventricle pumping unoxygenated blood 
through the pulmonary artery to the lungs and the 
left ventricle pumping oxygenated (arterial) blood 
through the aorta and the lesser arteries to the 
body. 

The right atrium receives the venous 
(unoxygenated) blood from the upper part of the 
body (head, neck and chest) via the superior vena 
cava, or upper great vein, and from the lower part 
of the body (abdomen and legs) via the inferior 
vena cava, or lower great vein. The blood ox- 
ygenated by the lungs is carried via the pulmonary 
veins to the left atrium. 

This action is repeated in a rhythmic cardiac 
cycle in which the atrial and ventricular chambers 
alternately contract and pump, then relax and fill. 
One-way valves along the veins, between the atrial 
and ventricular chambers in the right and left sides 
of the heart (the tricuspid valve and the mitral 
valve, respectively), and at the exits of the right 
and left ventricles (the pulmonary and aortic valves, 
respectively) prevent backflow of the blood as it 
moves through the heart and the circulatory sys- 
tem. 

The S-A node Is spontaneously rhythmic, and 
the cardiac rhythm originating from that primary 
natural pacemaker is termed "sinus rhythm". This 
capacity to produce spontaneous cardiac impulses 
is called "rhythmicity", or "automaticity". Some 
other cardiac tissues possess this electro-physio- 
logic property and hence constitute secondary nat- 
ural pacemakers, but the S-A node Is the primary 



pacemaker because it has the fastest spontaneous 
rate. The secondary pacemakers tend to be inhib- 
ited by the more rapid rate at which impulses are 
generated by the sinus node. 

5 Disruption of the natural pacemaking and prop- 
agation system occurs as a result of aging or 
disease, and is commonly treated by artificial car- 
diac pacing. Rhythmic electrical discharges of an 
implanted pacemaker are set at a desired rate and 

/o are applied to the heart as necessary to effect 
stimulation. In its simplest form, the pacemaker 
consists of a pulse generator powered by a self- 
contained battery pack, and a lead including at 
least one stimulating electrode electrically connect- 

;5 ed to the pulse generator. The lead is typically of 
the catheter type for intravenous insertion to posi- 
tion the stimulating eiectrode(s) for delivery of elec- 
trical impulses to excitable myocardial tissue in the 
appropriate chamber(s) in the right side of the 

20 patient's heart. Usually, the pulse generator is sur- 
gically implanted in a subcutaneous pouch in the 
patient's chest. In operation, the electrical stimuli 
are delivered to the excitable cardiac tissue via an 
electrical circuit that includes the stimulating and 

25 reference (indifferent) electrodes, and the body tis- 
sue and fluids. 

A pacemaker operates in one of three different 
response modes, namely, asynchronous (fixed 
rate), inhibited (stimulus generated in absence of 

so specified cardiac activity), or triggered (stimulus 
delivered in response to specified cardiac activity). 
The demand ventricular pacemaker, so termed be- 
cause it operates only on demand, has been the 
most widely used type. It senses the patient's 

35 natural heart rate and applies stimuli only during 
periods when that rate falls below the preset pacing 
rate. 

Pacemakers range from the simple fixed rate 
device that provides pacing with no sensing func- 

40 tion, to the highly complex model implemented to 
provide fully automatic dual chamber pacing and 
sensing functions. The latter type of pacemaker is 
the latest in a progression toward physiologic pac- 
ing, that is, the mode of pacing that restores car- 

45 diac function as much as possible toward natural 
pacing. 

Regardless of the particular type of pacemaker 
that may be employed to pace the patient's heart, 
it is essential to ascertain that the pacing pulse 
50 applied via the implanted electrode assembly is 
indeed stimulating the heart. That is to say. the 
pulse in conjunction with the implanted cathodlc 
electrode must impress an electric field of suffi- 
cient field strength and current density on the ex- 
citable myocardial tissue at the electrode site to 
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initiate depolarization of the tissue and the spread- 
ing of a so-called action potential. When that hap- 
pens, the chamber in which the cathodic electrode 
is implanted undergoes contraction in the same 
manner as would a healthy heart under the influ- 
ence of the natural physiologic pacing system. This 
stimulation of the heart, in which a pulse generated 
by a cardiac pacemaker causes contraction of the 
selected chamber(s) is termed "capture." The 
means or method by which it is ascertained that 
the pacemaker stimuli are achieving capture of the 
heart is called "capture verification." 

It is a principal object of the present invention 
to provide a pacemaker having an improved means 
and method for capture verification. 

In general, capture verification techniques are 
based on detecting the potential evoked when the 
heart is captured, If capture has not occurred, there 
will be no evoked potential. It follows that each time 
the heart is paced, the cardiac signal may be 
monitored after a suitable delay to detect the pres- 
ence of the evoked potential, and thereby to verify 
capture. In practice, however, reliable capture ver- 
ification is not quite so simple, for many reasons, 
some of the more important being the small am- 
plitude of the atriai signal, the signal masking attrib- 
utable to electrode polarization (a signal-to-noise 
problem), and the relative difference between fre- 
quencies present in the atrial and ventricular sig- 
nals. 

Accordingly, it is another broad object of the 
present invention to provide a technique for capture 
verification which surmounts the usual impediments 
to sensing the potential evoked as a result of 
capture. 

According to the present invention, a pace- 
maker sense amplifier, which differs from the tradi- 
tional form, is employed to detect evoked poten- 
tials. In particular, the sense amplifier comprises a 
switched capacitor amplifier which allows the am- 
plifier's bandpass frequency to be switched at will, 
thereby selectively varying the cardiac signal fre- 
quencies subjected to sensing. The effect is to 
provide a sense amplifier with a programmable 
frequency response. 

Prior to the application of a pacing stimulus to 
the heart, the frequency response (bandpass char- 
acteristic) of the sense amplifier is selectively set 
to detect cardiac activity in the form of the intrinsic 
QRS pattern, in the same manner as is customary 
with pacemakers of the prior art. However, at the 
moment that a stimulating pulse is delivered to the 
heart, the sense amplifier is switched to a lower 
frequency bandpass to render it more responsive 
to an evoked potential (for example, the T wave). 
After a time interval during which an evoked re- 
sponse to the stimulus should have been detected 
(the presence or absence of such a response being 



indicative of capture or the lack of capture, respec- 
tively), the amplifier is switched back to the original 
bandpass characteristic to sense the intrinsic re- 
sponse. 

5 This mode of operation by the sense amplifier 
of the present invention serves to eliminate the 
capture verification problem attributable to elec- 
trode polarization, as well as to other difficulties. By 
utilizing a programmable, tunable amplifier the limi- 

10 tation of prior sense amplifiers, which required that 
the bandpass frequency response be designed to 
best provide the intrinsic signal detection, is avoid- 
ed. Instead, the amplifier bandpass characteristic 
may be switched back and forth to selectively 

75 monitor the frequency ranges best suited to detect- 
ing the intrinsic and evoked responses. 

The above and other objects, aspects, features 
and advantages of the present invention will be- 
come more apparent from a consideration of the 

20 ensuing detailed description of a presently pre- 
ferred embodiment thereof, taken together with the 
accompanying drawings, in which: 

FIG. 1 is a simplified block diagram of the 
pulse generator or stimulus generator portion of a 

25 cardiac pacemaker depicting a microprocessor- 
controlled sense amplifier according to the inven- 
tion; 

FIG. 2 is a simplified circuit diagram of the 
sense amplifier of FIG. 1 ; and 

30 FIG. 3 is a partial electrical equivalent to the 

circuit of FIG. 2. 

Referring now to FIG. 1 , a cardiac pacemaker 
10 comprises an output circuit 14, a microproces- 
sor controller 12 and a sense amplifier 16. A pair of 

35 electrodes (not shown) are coupled to output circuit 
14 and sense amplifier 16 via a lead assembly 18. 
A bipolar configuration has been illustrated, al- 
though a unipolar configuration may alternatively 
be selected without departing from the spirit and 

40 scope of the subject invention. 

The output circuit 14 is of any conventional 
type for generating stimulating pulses which are to 
be selectively delivered (depending on the specific 
nature of the pacemaker, i.e., fixed rate, inhibited or 

45 triggered, as discussed above) to the heart of the 
patient using the pacemaker, via the stimulating 
cathodic electrode of lead assembly 18 and 
through the return path of the body tissue and 
fluids and the indifferent anodic electrode (not 

so shown). Output circuit 14 is also conventionally 
implemented to be controlled by microprocessor 
12 in respect to the amplitude and width of each 
stimulating pulse, and the timing of the discharge 
of the capacitor(s) (not shown) contained within the 

55 output circuit after being charged to a desired 
energy level from pacemaker batteries (not shown) 
or via a known voltage multiplier circuit (also not 
shown). 
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According to the present invention, sense am- 
plifier 16 has a programmable frequency response 
which is controlled by the microprocessor 12 
based on signal information supplied by the latter 
to (he sense amplifier 16 on a data bus. Prior to a 
pace event (i.e., the delivery of a stimulating pulse 
to the patient's heart), microprocessor 12 switches 
sense amplifier 16 to a condition of minimum gain 
and disconnects the sense amplifier input circuit 
from lead assembly 18 and, hence, from output 
circuit 14. This serves to avoid distortion of the 
sense amplifier signal and potential damage to the 
sense amplifier circuit from the pacing pulse 
(stimulus). At the same time, the microprocessor 
12 switches the sense amplifier 16 to a first pre- 
determined high frequency (i.e., high bandpass) 
setting to assure rapid attenuation of any artifact 
(i.e., lead depolarization and discharge). This fre- 
quency range is the same at which sense amplifier 
16 is set for detecting intrinsic cardiac responses, 
such as the QRS complex. 

The stimulating pulse is delivered to excitable 
myocardial tissue in the vicinity of the implanted 
stimulating cathodic electrode via the lead assem- 
bly 18. Now it is essential to determine whether the 
affected chamber has undergone contraction and 
whether the stimulus has captured the heart. Within 
a suitable delay interval (for example, 10-30 msec) 
following delivery of the electrical stimulus gen- 
erated by output circuit 14, the microprocessor 12 
controls the switching of the sense amplifier 16 to a 
second predetermined bandpass frequency char- 
acteristic setting, which is displaced to a lower 
frequency range than the first (e.g., half the original 
center frequency). The timing of these events may 
be adjusted by the microprocessor in order to 
optimize the result for different output amplitudes 
and pulse widths. The gain may also be changed 
by switch capacitors (not shown) in parallel with 
C32 (see FIG. 2), under microprocessor control. A 
similar lowpass stage may be constructed using 
the same switching technique. The complete sense 
amplifier is a cascade of highpass and lowpass 
stages which produces a bandpass characteristic 
which has frequency programmability together with 
switching the sense amplifier to a higher gain set- 
ting, which is suitable to sense potentials evoked 
by the stimulus. If an evoked potential is detected, 
capture is verified; if there is no evoked potential, 
the stimulus must be increased the next time. 

When the sense time programmed in the 
microprocessor 12 for detecting evoked potentials 
has elapsed, the microprocessor again controls the 
switching of the sense amplifier bandpass frequen- 
cy characteristic to the high bandpass setting and 
reduces the amplifier gain setting, in preparation 
for detecting intrinsic cardiac signal responses. 

Referring now to FIG. 2, the high pass stage 



for the sense amplifier 16 includes an amplifier 20, 
and a capacitor 22 coupled between the input and 
output terminals of the amplifier. Three switches 
24, 26, and 28 are in circuit with capacitor 22 and 

5 are controlled by signals from the microprocessor 
12 to switch the capacitor 22 at a predetermined 
frequency. The capacitor 22 is placed in the circuit 
when switches 24 and 28 on either side of it are 
turned on by the OA pulse waveform (to be de- 

70 scribed presently), and is shorted out when switch 
26, connected across the capacitor 22, is turned 
on. Usually, capacitor 22 appears as a resistance 
36 (as shown in FIG. 3), equal to 1/4fC 2 2 where M f" 
is the clock switching frequency for the capacitor 

75 and "C" is the capacitance value. The highpass 
cut-off frequency is then equal to 1/2 RC F = 1/2 f 
(C22/C3o), and the flatband gain is equal to 
C32/C30. Switch 34 prevents signal feed-through. 
In this manner, the bandpass frequency of the 

20 sense amplifier is changed at the switching rate of 
the capacitor, and the gain changed by connecting 
capacitors into and out of the circuit, both under a 
processor control. The shifts in amplifier gain and 
bandpass characteristic are discrete and, in this 

25 example, the amplifier has only two displaced fre- 
quency response settings. However, more than two 
can be provided by using additional capacitors and 
switches, although the settings in that case are 
limited to multiples of the clock frequency. Two 

30 different frequency bandpass characteristics are 
quite sufficient for purposes of capture verification 
according to the present invention. 

A nominal setting is utilized for the normal 
ECG (intrinsic response), and for the interval during 

35 delivery of the pacing pulse. The bandpass is then 
shifted to a lower frequency range to examine the 
evoked response (if any) into the refractory period, 
and thereafter is returned to the initial bandpass 
characteristic constituting the nominal setting. 

40 Moreover, during blanking it would be desirable to 
shift the bandpass characteristic to an even higher 
frequency range, to effectively blank out signals, 
while also opening the amplifier inputs. Going to 
the latter high frequency range is also desirable to 

45 settle out the voltage stored on the capacitor 22. 

The amplifier circuit with capacitors and switch- 
es is readily fabricated in integrated circuit form. 
While the switches have been shown as mechani- 
cal switches for ease of illustration, it is to be 

50 understood that solid state switching of a conven- 
tional nature would be preferred. 

The time constant of the FIG. 3 circuit is I = 
RC, where "R" is the effective resistance repre- 
sented by the switched capacitor as described 

55 above, and n C n is the capacitance of a second 
capacitor 30 connected across the amplifier. If the 
aforementioned value of "R n is substituted for "R" 
in the time constant equation, it is apparent that the 
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time constant of the circuit is the ratio of the two 
capacitors and the clock frequency. Since the clock 
frequency is crystal-controlled, and the ratio of the 
capacitance values may be set (and is repeatable 
in production) with great accuracy, a very accurate 
bandpass frequency setting may be achieved. 

While a preferred embodiment of the invention 
has been described, it will be apparent to those 
skilled in the art to which the invention pertains, 
from consideration of the disclosure herein, that 
various modifications may be implemented without 
departing from the inventive principles. Accord- 
ingly, it is intended that the invention be limited 
only by the appended claims, 



Claims 

1 . A cardiac pacemaker for electrically stimulat- 
ing a patient's heart and for sensing the heart's 
response to such stimulation, comprising: 

means for repetitively generating electrical stimuli 
selectively delivered to said heart; and 
means for sensing electrical activity of the heart, 
said sensing means including an amplifier and 
means for selectively changing the frequency ban- 
dpass characteristic of said amplifier to detect the 
heart's electrical activity in a first predetermined 
bandpass frequency range prior to the delivery of 
said stimuli and in a second predetermined band- 
pass frequency range, displaced from said first 
range, after the delivery of said stimuli to verify 
capture of the heart by said stimuli. 

2. The cardiac pacemaker of Claim 1, further 
comprising: 

means for changing the gain of said amplifier. 

3. The cardiac pacemaker of Claim 1, further 
comprising: 

means for changing the timing of said amplifier. 

4. The cardiac pacemaker of Claim 1, further 
comprising: " 

means for controlling the change of said frequency 
bandpass characteristic from said first range to 
said second range according to the timing of deliv- 
ery of said stimuli to the heart. 

5. The cardiac pacemaker of Claim 1 , in which 
said means for selectively changing comprises: 
means for providing amplifier circuit capacitance; 
and 

means for switching said capacitance into and out 
of said amplifier circuit. 

6. The cardiac pacemaker of Claim 4, in which 
said controlling means delivers oppositely phased 
switching pulses to said switching means. 

7. A method of verifying that an electrical 
stimulus generated by a cardiac pacemaker has 
stimulated the heart of the patient in which the 
pacemaker is implanted to produce contraction of a 



chamber of said heart, comprising: 
sensing the electrical activity of the heart within a 
first predetermined frequency range prior to ap- 
plication of said electrical stimulus thereto, to de- 
5 tect intrinsic electro-cardial behavior of said heart, 
and 

sensing the electrical activity of the heart within a 
second predetermined frequency range displaced 
from said first range immediately after application 
jo of said electrical stimulus thereto, to detect whether 
a cardiac signal lying within said second frequency 
range has been evoked by said electrical stimulus. 

8. In a cardiac pacemaker having means for 
repetitively generating electrical stimuli selectively 

75 delivered to a patient's heart and for sensing the 
heart's response to such stimulation to assure cap- 
ture of the heart, an improved sensing amplifier 
means for sensing the electrical activity of the 
heart, 

20 said sensing amplifier having means for selectively 
changing its frequency bandpass characteristics 
whereby the heart's electrical activity is detected in 
a first predetermined bandpass frequency range 
prior to the delivery of said stimuli and in a second 

25 predetermined bandpass frequency range, dis- 
placed from said first range, after the delivery of 
said stimuli to verify capture of the heart by said 
stimuli. 

9. The sensing amplifier according to Claim 8, 
30 further comprising: 

means for controlling the change of said frequency 
bandpass characteristic from said first range to 
said second range according to the timing of deliv- 
ery of said stimuli to the heart, 
as 10. The sensing amplifier according to Claim 8, 
further comprising: 

means for changing the gain of said bandpass 
characteristic. 

11. The sensing amplifier according to Claim 8, 
40 further comprising: 

means for changing the timing of said bandpass 
characteristic. 

12. The sensing amplifier according to Claim 8, 
in which said means for selectively changing the 

45 bandpass frequency comprises: 
capacitance for said amplifier and 
means for switching said capacitance into and out 
of connection with said amplifier. 

13. The cardiac pacemaker of Claim 12, in 
so which said controlling means delivers oppositely 

phased switching pulses to said switching means. 
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